In vertebrates, the digestive tract develops from a uniform structure where reciprocal epithelial-mesenchymal interactions pattern this complex organ into regions with specific morphologies and functions. Concomitant with these early patterning events, the primitive GI tract is colonized by the vagal enteric neural crest cells (vENCCs), a population of cells that will give rise to the enteric nervous system (ENS), the intrinsic innervation of the GI tract. The influence of vENCCs on early patterning and differentiation of the GI tract has never been evaluated. In this study, we report that a crucial number of vENCCs is required for proper chick stomach development, patterning and differentiation. We show that reducing the number of vENCCs by performing vENCC ablations induces sustained activation of the BMP and Notch pathways in the stomach mesenchyme and impairs smooth muscle development.
INTRODUCTION
The vertebrate gastrointestinal (GI) tract is a remarkably complex organ system that originates from the three embryonic germ layers: endoderm (which forms the epithelial lining of the lumen), mesoderm (which forms the smooth muscle layers and the network of interstitial cells of Cajal) and ectoderm (which includes the most posterior luminal digestive structure and the enteric nervous system network). The primitive GI tract consists initially of a straight and uniform tube of epithelium surrounded by mesenchyme. Reciprocal epithelialmesenchymal interactions drive the development and regionalization of the GI tract and maintain its regionalized architecture until adulthood Faure and de Santa Barbara, 2011) . Sonic hedgehog (SHH) signals from the GI epithelium to the adjacent mesenchyme and induces region-restricted expression of genes, such as homeotic genes (Hox, Nkx) and Bmp4, a member of the bone morphogenetic protein (BMP) pathway (Roberts et al., 1995 (Roberts et al., , 1998 Buchberger et al., 1996; Smith and Tabin, 1999; Smith et al., 2000) . The mesenchyme in turn signals back to the epithelium to control its patterning and differentiation along the anteroposterior (AP) axis (Kedinger et al., 1986 (Kedinger et al., , 1990 Roberts et al., 1998; .
Such molecular mechanisms are also required later during development when the mesenchyme of the whole GI tract differentiates along the radial axis and gives rise (from the outer to the inner part of the gut wall) to the longitudinal and circular muscle layers, the submucosae, and the muscularis mucosae close to the epithelial lining (Ramalho-Santos et al., 2000; Sukegawa et al., 2000; de Santa Barbara et al., 2005; Kosinski et al., 2010; Mao et al., 2010) . Differentiation of digestive mesenchymal cells into smooth muscle cells (SMCs) can be characterized first through their elongation and clustering and later by the expression of SMCspecific lineage markers, such as α 1 smooth muscle actin (αSMA), smooth muscle protein 22 (SM22) and calponin, which precedes smooth muscle cell contractile functions (Gabella, 2002) .
Concomitant with these early patterning events, the primitive GI tract is colonized by neural crest precursors, a population of cells that give rise to the enteric nervous system (ENS), which forms the intrinsic innervation of the GI tract. In chick, the ENS is predominantly derived from vagal enteric neural crest cells (vENCCs) that migrate from the neural tube adjacent to somites 1 to 7 (Yntema and Hammond, 1954; Le Douarin and Teillet, 1973; Burns and Le Douarin, 1998; Burns et al., 2000) . These cells exit the neural tube, enter the esophagal mesenchyme and begin an anterior to posterior wave of migration through their interaction with mesenchymal extracellular matrix proteins (Fairman et al., 1995; Burns and Le Douarin, 1998) . This allows vENCCs to populate the entire GI tract, from the esophagus to the terminal colon. As the neural crest cells migrate along the GI tract, they proliferate and finally differentiate into neurons and glial cells of the ENS, and form two concentric plexuses of ganglion cells localized in muscle layers of the gut wall (Furness, 2006) .
However, despite their well-known innervative function in adult GI tract, the contribution of the ENS network to the development and differentiation of the GI tract has never been addressed. Here, we show that a crucial number of vENCCs is required for proper chick stomach development. Our findings suggest an unexpected new function of vENCCs in regulating both the establishment and the maintenance of stomach patterning and differentiation through inhibition of the Notch signaling pathway. mesenchymal cells into smooth muscle cells, by immunofluorescence analysis using anti-HNK-1 (marker of neural crest cells) and anti-αSMA (marker of determined SMCs) antibodies (Tucker et al., 1984; Gabella, 2002) (Fig. 1) . At E4 (HH23), vENCCs were randomly distributed in the mesenchyme of the developing stomach and duodenum. Conversely, no αSMA-positive cells were detected in E4 stomachs, indicating that the mesenchyme had not yet began to be specified (Fig. 1A, white arrow) . As a positive control, we detected αSMA-expressing cells in blood vessels associated with the intestine (Fig. 1A, red arrow) . In E5-E5.5 (HH27) stomachs, we began to detect αSMA-positive cells in the mesenchyme and vENCCs were more abundant and organized (Fig. 1B,C) . At E7.5 (HH32), the stomach mesenchyme was then fully organized into smooth muscle and submucosal layers and vENCCs were localized in enteric ganglia located at the periphery of the smooth muscle domain (Fig. 1D,E) .
The observation that stomach smooth muscle specification is initiated after its colonization by vENCCs (Fig. 1A) prompted us to investigate the influence of vENCCs on stomach mesenchyme development. To this aim, we surgically reduced the number of vENCCs that colonize the GI tract, by ablating the dorsal neural tube adjacent to somites 3 to 6 in E1.5 (HH10) chicken embryos, as previously described (Peters-van der Sanden et al., 1993; Burns et al., 2000; Barlow et al., 2008) (supplementary material Fig. S1A ). Control and vENCC-ablated GI tracts were then dissected and analyzed at E7.5, when mesenchymal cells have differentiated into smooth muscle cells. The global morphology of whole vENCCablated embryos was indistinguishable from control embryos, demonstrating the absence of growth alterations induced by the micromanipulation (supplementary material Fig. S1B ). Visual inspection of GI morphology revealed shrunken and malformed stomachs, whereas the intestine appeared normal in GI tracts from vENCC-ablated embryos compared with controls ( Fig. 2A, n=84/120) . Moreover, the rostral part of the stomach ( proventriculus) was often centralized in stomachs from vENCC-ablated embryos compared with controls ( Fig. 2A, white arrowhead, n=72/120 ). Immunostaining analysis of paraffin-embedded stomach sections using the anti-HNK-1 antibody indicated that ENS development was abnormal in stomachs from vENCC-ablated embryos (which we will refer as vENCC-ablated stomachs) compared with the controls. In the representative experiment shown in Fig. 2B , vENCCs were reduced by 60.55% and the network of the remaining vENCCs was less organized than in controls (absence of enteric ganglia and increased number of isolated HNK-1-positive cells) (Fig. 2B-D) . We next evaluated the effect of vENCC ablation on the mesenchyme, by performing immunofluorescence staining on paraffin-embedded stomach sections and reverse-transcription quantitative polymerase chain reaction (RT-qPCR) analyses of whole stomachs. These experiments showed that smooth muscle development was hindered in vENCC-ablated stomachs compared with controls, as indicated by the reduction in the expression of smooth muscle markers (αSMA, calponin and Sm22) and myocardin, a serum response factor (SRF) co-activator that controls many steps of smooth muscle differentiation (Fig. 2E,F) . These results are in line with a contribution of vENCCs to stomach smooth muscle development.
A crucial number of vENCCs is necessary for proper stomach patterning
Our results ( Fig. 2A ) also suggest a role for the vENCCs during stomach development. We found that vENCC-ablated stomachs were histologically characterized by a thinner mesenchymal layer compared with the controls (Fig. 3A) . This could result either from an increase in mesenchymal cell death or a decrease in mesenchymal cell proliferation, or both. To address this question, we performed immunostaining for cleaved caspase 3, a standard marker of cell death (Mao et al., 2010) and phosphorylated histone 3-Ser10 (PH3), a standard marker of G2/M transition (Notarnicola et al., 2012) . Although we did not detect a significant change in the number of cleaved caspase 3-positive cells, we found that the rate of cell proliferation was statistically decreased by 59.1% in the mesenchyme of vENCC-ablated stomachs compared with controls ( Fig. 3B,C) . We then examined the expression of genes involved in GI tract development and patterning. Compared with controls, vENCC-ablated stomachs did not show any change in Barx1 expression (Fig. 4A,C) , a specific marker of stomach mesenchyme (Barlow et al., 1999; Kim et al., 2005 ; supplementary material Fig. S2 ), suggesting that vENCC-ablated stomachs retained stomach properties. Conversely, Bapx1, a marker of stomach mesenchyme downstream of Barx1 (Verzi et al., 2009; Faure et al., 2013 ; supplementary material Fig. S2 ), was strongly downregulated (Fig. 4A,C) . Bapx1 negatively regulates Bmp4, which is normally expressed in the whole GI mesenchyme, except for the gizzard (supplementary material Fig. S2 ) (Nielsen et al., 2001; de Santa Barbara et al., 2005) . In addition, Bmp4 has been shown to inhibit cell proliferation in the intestinal mesenchyme (Smith et al., 2000) . Here, we observed that Bmp4 was strongly upregulated in vENCCablated stomachs. This could contribute to the decrease in the rate of cell proliferation observed in mesenchyme of vENCC-ablated stomachs. Interestingly, the expression of the intestinal mesenchyme markers Nkx2.3 and Lef1 (Buchberger et al., 1996; Theodosiou and Tabin, 2003 ; supplementary material Fig. S2 ) was also observed in vENCC-ablated stomachs, suggesting that their mesenchyme harbors intestinal features (Fig. 4A ,C). As it has been shown that instructive mesenchymal-epithelial interactions are at the basis of GI development and region-specific epithelial differentiation (Roberts, 2000; de Santa Barbara et al., 2003) , we next investigated whether the adjacent epithelium could be affected following the transition from stomach mesenchyme to the mixed stomach/intestine phenotype. Although cytodifferentiation and integrity of the stomach epithelium were not affected in vENCCablated stomachs, as demonstrated by normal endodermal Shh expression (Fig. 4B) , the molecular identity of the epithelium was altered. Specifically, SOX9, an intestinal epithelial marker (Moniot et al., 2004; Blache et al., 2004) , was ectopically expressed in the stomach epithelium of E6.5 vENCC-ablated stomachs (Fig. 4B) . Similarly, RT-qPCR analysis showed that expression of CdxA, a homeotic gene essential for intestinal epithelium identity (Lorentz et al., 1997; Silberg et al., 2000) , was also detected in stomachs of vENCC-ablated stomachs (Fig. 4C) . Thus, our results show that the mesenchymal and epithelial layers of stomachs from vENCCablated stomachs acquired intestinal features, suggesting that a crucial number of vENCCs is required for proper stomach patterning.
Inhibition of Notch signaling is required for stomach patterning and differentiation
This unexpected influence of vENCCs on stomach mesenchyme could be in part mediated by signaling pathways that control different aspects of development. As Bmp4 expression was upregulated in stomachs from vENCC-ablated stomachs (Fig. 4A ,C) and because a reduction in BMP activity is necessary for stomach patterning (Smith et al., 2000; Moniot et al., 2004; de Santa Barbara et al., 2005) , we next used the avian replication-competent retroviral misexpression system to maintain BMP pathway activity in the developing stomach mesenchyme (Smith et al., 2000; Moniot et al., 2004; de Santa Barbara et al., 2005) . Trophism of avian retroviruses is specific to mesenchymal cells and does not directly target ENCCs (Notarnicola et al., 2012; supplementary material Fig. S3 ). Maintaining BMP pathway activity by misexpressing Bmp4 in the stomach mesenchyme inhibited smooth muscle development and induced pyloric mesenchyme features highlighted by the expression of Nkx2.5 (Smith and Tabin, 1999) . However, this failed to induce Nkx2.3 ectopic expression in the targeted stomach (supplementary material Fig. S4 ), suggesting that BMP pathway activation in the mesenchyme of the stomach is not sufficient to gain intestinal properties. We next focused on the Notch pathway as it has been Fig. 4 . A crucial number of vENCCs is necessary for stomach patterning. vENCCs were ablated by microsurgically removing the dorsal part of the neural tube between somites 3 and 6 from HH10 chick embryos. Control guts and guts from vENCC-ablated embryos were dissected at stage E6.5. (A) In situ hybridization of stomachs from control (Ctrl E6.5) (a,c,e,g,i,k,m,o) and vENCC-ablated (Abl E6.5) (b,d,f,h,j,l,n,p) guts. Whole-mount in situ hybridization using the Barx1 (a,b) and Bapx1 (c,d) probes. The black arrowhead in d indicates the low level of Bapx1 expression in vENCC-ablated stomachs compared with control. Scale bars: 1 mm. In situ hybridization of paraffin-embedded sections using the Bapx1 (e,f ) and Bmp4 (g,h) probes. The black arrowhead in f indicates the decrease in Bapx1 expression in vENCC-ablated stomachs. The black arrowhead in h indicates the higher level of Bmp4 expression in vENCC-ablated stomachs compared with control. Scale bars: 500 µm. In situ hybridization of whole stomachs (i,j) and of paraffin-embedded stomach sections (k,l) using the Nkx2.3 probe. The black arrowheads in j and l demonstrate the increase in Nkx2.3 expression in vENCC-ablated stomachs. Scale bars: 1 mm. Whole-mount in situ hybridization using Lef1 (m,n) and Hairy2 (o,p) probes. The black arrowheads in n and p show the increase in, respectively, Lef1 and Hairy2 expression in vENCC-ablated stomachs. Scale bars: 1 mm. (B) Anti-SOX9 immunohistochemistry analysis of stomach sections from (a,c) control (Ctrl E6.5) and (b,d) vENCC-ablated embryos. c and d are magnified views of the areas indicated by red arrowheads in a and b. Scale bars: 1 mm in a,b;. 100 µm in c,d. Black arrowhead in d shows SOX9 ectopic expression in the stomach epithelium of vENCC-ablated embryos compared with controls. (e,f ) In situ hybridization analysis of paraffin-embedded stomach sections from control (e, Ctrl E6.5) and vENCC-ablated (f, Abl E6.5) embryos using the Shh probe indicates that Shh expression is comparable in stomach epithelium. Scale bars: 500 µm. (C) Quantification of gene expression by RT-qPCR in stomachs from control (Control) and vENCC-ablated embryos (Ablated). Normalized expression levels were converted to fold changes. **P<0.01, ***P<0.001, n.s., not significant. Error bars indicate s.e.m.
reported that constitutive activation of Notch signaling impairs GI organogenesis and causes defective stomachs in mouse (Kim et al., 2011) . We first observed that expression of the Notch-responsive gene Hairy2 was high in the mesenchyme of the stomach at E4, whereas its expression is undetectable at E7.5 (supplementary material Fig. S2 ). Interestingly, we found that the expression of both Hairy1 and Hairy2 was higher in vENCC-ablated stomachs than in the controls (Fig. 4A,C) , suggesting that Notch signaling activity is sustained. We then used the avian replication-competent retroviral misexpression system to maintain Notch activity through the expression of Notch1 intracellular domain (NICD), the protein fragment that is released in the cytosol as a constitutively active isoform (Schroeter et al., 1998; Shih and Holland, 2006) . Efficient activation of the Notch pathway following NICD misexpression was demonstrated by the ectopic induction of Hairy2 (Fig. 5F ). Specific misexpression of NICD in the developing stomach mesenchyme (Moniot et al., 2004; de Santa Barbara et al., 2005; Notarnicola et al., 2012; supplementary material Fig. S3 ) induced minor morphological defects (thin stomach) (Fig. 5A ) and strongly inhibited smooth muscle development, as demonstrated by the reduction in the expression of smooth muscle markers (αSMA, Sm22 and myocardin) (Fig. 5B,C,F) . Moreover, although NICDmisexpressing stomachs did not present an alteration in Barx1 expression (Fig. 5D) , they demonstrated ectopic expression of markers of intestinal mesenchyme (Nkx2.3, Lef1) and epithelium (SOX9 and CdxA), suggesting that these stomachs also have intestinal features (Fig. 5D,E) . Interestingly, we observed the ectopic expression of Bmp4 in the mesenchyme of NICDmisexpressing stomachs (Fig. 5F ). Moreover, we found that the rate of mesenchymal cell death was not drastically affected in NICDmisexpressing stomachs compared with controls, whereas cell proliferation was strongly altered (supplementary material Fig. S5 ). In summary, sustained Notch signaling activity in the developing stomach phenocopied the defects observed in vENCC-ablated stomachs.
A crucial number of vENCCs is required to maintain stomach identity and differentiation by inhibiting Notch signaling
In order to investigate the requirement of vENCCs in maintaining stomach identity, we set up an organ culture approach to chemically ablate the vENCCs from stomachs dissected at E6.5, once vENCC colonization, GI regionalization and SMC differentiation have been established (supplementary material Fig. S6A ). Previous studies described animal models of aganglionosis that can be obtained by treating the GI tract in vivo with benzalkonium chloride (BC), a surfactant that selectively removes enteric nerve plexuses (Sato et al., 1978; Sakata et al., 1979; Fox and Bass, 1984; Yoneda et al., 2002; Liu et al., 2013a; Shu et al., 2013) without harming smooth muscle tissues (Sato et al., 1978) . We then placed GI tracts in 0.04% BC-containing solution for 10 min, washed several times and cultured them in BC-free solution for 36 h before analyses (Fig. 6A) . As control experiments, we show that BC treatment do not have a direct effect on either mesenchyme differentiation, as demonstrated by the normal expression of Sm22 in blood vessels (supplementary material Fig.  S6B ), or on the epithelium, as visualized by the comparable expression of Shh in control and BC-treated stomachs ( Fig. 6E ; supplementary material Fig. S6C ). Immunofluorescence analysis on stomach sections using anti-HNK-1 and anti-cleaved caspase 3 antibodies showed that at the concentration used, BC specifically induced the apoptosis of vENCCs without any significant effect on mesenchymal cells (Fig. 6C) . This was associated with a strong decrease in Sox10 expression, as demonstrated both by in situ hybridization and RT-qPCR analyses (Fig. 6B,E) . The expression of stomach mesenchyme marker Barx1 was unaffected ( Fig. 6B,E ; supplementary material Fig. S2 ), confirming the integrity of the mesenchyme upon BC treatment. However, we observed a strong reduction in the expression of smooth muscle markers αSMA, Sm22 and myocardin in BC-treated stomachs compared with controls, demonstrating smooth muscle dedifferentiation (Fig. 6B,C,E) . Moreover, BC treatment of E6.5 stomachs resulted in a strong upregulation of intestinal mesenchyme markers Nkx2.3, Lef1 and Bmp4 (Fig. 6D,E) . Interestingly, we observed a strong upregulation of Hairy2 expression in BC-treated stomachs compared with controls ( Fig. 6D,E) , indicating ectopic Notch signaling activity. We hypothesized that vENCCs could regulate stomach identity in part through the control of Notch activity. To examine this possibility, we then placed GI tracts in 0.04% BC-containing solution for 10 min, washed several times and cultured for 36 h at 37°C in BC-free solution in the presence DAPT (Fig. 7A) . DAPT is a small cell-permeant molecule that inhibits γ-secretase activity, leading to the blockage of Notch signaling (Geling et al., 2002) and the efficient inhibition of Hairy2 expression in the intestinal mesenchyme (supplementary material Fig. S7 ). When BC-treated E6.5 stomachs were cultured in the presence of DAPT, they retained smooth muscle Sm22 expression and showed normal Nkx2.3 and Lef1 expression patterns, in contrast to stomachs exposed only to BC (Fig. 7B) . Altogether, these results are in line with a contribution of vENCCs in maintaining stomach mesenchyme identity and differentiation in part through the inhibition of the Notch signaling pathway.
DISCUSSION
Altogether, our findings reveal an unexpected new function of vENCCs during GI tract development in regulating both for establishment and the maintenance of stomach patterning and differentiation. We found that reducing the number of vENCCs impairs stomach development. vENCC-ablated stomachs harbor a thinner mesenchymal layer and ectopically express Bmp4 and two Notch pathway responsive genes, Hairy1 and Hairy2, suggesting that both BMP and Notch signaling pathways are active in vENCCablated stomachs. Previous studies have shown that misexpression of Bmp4 leads to thinner stomach mesenchyme, diminishes cell proliferation and increases cell apoptosis (Smith et al., 2000) , while maintaining Notch signaling during mouse gut development has been shown to induce apoptosis of mesenchymal progenitors (Kim et al., 2011) . In our experiments, we did not detect massive apoptosis in NICD-misexpressing and vENCC-ablated stomachs, but rather observed a strong decrease in the rate of cell proliferation. We show that reducing the number of vENCCs induces sustained activation of the BMP and Notch pathways in the stomach mesenchyme, decreases the number of mesenchymal progenitors and impairs stomach smooth muscle development. Previous studies have shown that activation of BMP or sustained Notch signaling activity in the mesenchyme of the stomach impairs smooth muscle development, presumably by limiting the expansion of a pool of mesenchymal progenitors (Smith et al., 2000; Kim et al., 2011) . We confirm that both pathways have to be repressed for proper stomach mesenchyme differentiation to take place and additionally show that ectopic Notch activation in the mesenchyme of the stomach induces Bmp4 expression, suggesting that the Notch pathway is upstream of the BMP pathway. Altogether, this suggests that during their migration in the stomach, vENCCs contribute, through the inhibition of the Notch signaling pathway, to expand a pool of mesenchymal progenitors crucial for the initiation of differentiation. Previous study has also reported an essential role for neural crest cells in regulating Notch signaling pathways and myogenesis, thus suggesting a general mechanism (Rios et al., 2011) .
In this manuscript, we report that a crucial number of vENCCs is necessary for proper patterning of the stomach, thus highlighting an unexpected role for vENCCs in the regionalization of the digestive tract along the AP axis and more precisely in stomach identity. Indeed, we observed the expression of intestinal mesenchyme markers in vENCC-ablated stomachs. Moreover, we observed that the identity of gastric epithelium was affected in vENCC-ablated stomachs following the transition from stomach mesenchyme to the mixed stomach/intestine phenotype. However, we cannot exclude that a reduced number of vENCCs directly impacts on the epithelium identity. Altogether, our data reveal that, through the regulation of mesenchyme identity, vENCCs act as a new component in the mesenchymal-epithelial interactions that control proper stomach patterning.
Homeotic Hox genes are crucial regulators of epithelialmesenchymal interactions involved in vertebrate GI tract patterning along the AP axis (Roberts et al., 1998; . Downstream of Hox genes, specific morphogens are involved in this process such as Bmp4, which is expressed in the entire GI tract, but not in the stomach. It has been shown that ectopic expression of Bmp4 in the stomach mesenchyme leads to defects in patterning, as demonstrated by the ectopic expression of the pyloric marker Nkx2.5. However, ectopic BMP4 expression does not induce ectopic intestinal markers in the stomach (Smith et al., 2000 ; S.F., J.M., S.S. and P.d.S.B., unpublished). We observed that Notch signaling is higher in vENCC-ablated stomachs. In line with this observation, we found that constitutive activation of Notch signaling is sufficient to induce intestinal mesenchyme and epithelium markers in the stomach, demonstrating a new role for Notch signaling in regulating the patterning of the GI tract along the AP axis.
Interestingly, these results indicate that although both BMP and Notch pathways control the number of mesenchymal progenitors, constitutive Notch activity leads to the acquisition of intestinal mesenchyme and epithelium features, whereas BMP4 misexpression does not, suggesting an additional role for Notch signaling in regulating intestinal development. We show here that inhibition of the Notch pathway in the mesenchyme, through a contribution of vENCCs, is a prerequisite for the establishment of gastric identity, supporting the involvement of specific molecular and tissue interactions for the establishment of gastric features. Altogether, our observations are in line with previous studies demonstrating that intestinal differentiation is a default state of gut endoderm (Kim et al., 2005) .
Interestingly, we show that chemical ablation of vENCCs upon BC treatment on patterned and differentiated GI tract leads to the transition of the stomach into a stomach-intestinal mixed phenotype and to the dedifferentiation of the smooth muscle structure, suggesting that a crucial number of vENCCs is required for maintaining stomach identity and differentiation. Smooth muscle plasticity is a mechanism that is common to all smooth muscle cell types (vascular, visceral and digestive) and is activated in response to normal or pathological stimuli, leading to the conversion of contractile and functional smooth muscle cells into undifferentiated, proliferative and migratory cells (Owens et al., 2004) . We have previously shown that alteration of BMP and FGF pathway activities in differentiated SMCs induce their dedifferentiation (Le Guen et al., 2009; Notarnicola et al., 2012) . Interestingly, we show here that both Bmp4 and Hairy2 are ectopically expressed in the mesenchyme of BC-treated stomachs, suggesting that the activation of Notch, in addition to the BMP pathway regulate SMC plasticity. In addition, we report that vENCCs participate in maintenance of stomach identity and differentiation through inhibition of the Notch signaling pathway. These complementary data suggest that the molecular mechanisms regulated by vENCCs are comparable in both the establishment and maintenance of stomach identity.
Understanding in molecular terms how vENCCs regulate Notch activity would be interesting. vENCCs could regulate Notch pathway activity through a direct mechanism. Testing this hypothesis would involve first analyzing the expression pattern of Notch genes and receptors. The mammalian Notch genes encode for a family of four transmembrane receptors and their multiple Delta and Jagged ligands. It has been shown in mouse that Notch1, Delta1, Delta3 and Jagged2 are expressed in ENCCs, whereas both Notch1 and Notch3 are present in the gut mesenchyme and Notch2 is not detected in ENCCs (Okamura and Saga, 2008; Kim et al., 2011) . In summary, Notch ligands and receptors are expressed in the developing stomach in both the mesenchyme and the vENCCs, making it challenging to address whether vENCCs regulate Notch activity through a direct mechanism.
Moreover, this would not exclude that vENCCs could regulate Notch activity in the mesenchyme through indirect molecular mechanisms, as ENCCs secrete numerous ligands and their receptors are expressed in the mesenchyme. Interestingly, ENCCs secrete WNT ligands (Serralbo and Marcelle, 2014) and WNT signaling is essential for stomach development (Theodosiou and Tabin, 2003) . Furthermore, it has been shown that WNT signaling limits Notch activity in cell culture (Collu et al., 2012; Liu et al., 2013b) , supporting the idea that WNT ligands secreted from vENCCs could activate WNT signaling in the mesenchyme, which in turn could lead to the inhibition of Notch activity. Testing this hypothesis would first imply an analysis of the expression of multiple WNT ligands in our system to determine which one(s) is (are) expressed in the vENCCs in order to examine to what extent the modulation of WNT activity specifically in the mesenchyme affects both stomach patterning/differentiation and Notch activity. In addition, ENCCs are known to secrete other morphogens, such as BMP and FGF, and all of these signaling pathways could also be involved in the regulation of Notch activity and would also need to be tested.
As previously commented, epithelial-mesenchymal interactions are essential for the development and differentiation of the GI tract. Studies have demonstrated that endodermal Hh signaling is required for both the patterning and differentiation of the gut mesenchyme (Ramalho-Santos et al., 2000; Sukegawa et al., 2000; Reichenbach et al., 2008; Mao et al., 2010; Liu and Ngan, 2014) , presumably through the regulation of the Notch signaling activity (Kim et al., 2011) . In this study, we show that vENCCs participate in stomach patterning and differentiation through the regulation of Notch activity. Interestingly, it has been shown that endodermal Hh signaling regulates ENS development (Ramalho-Santos et al., 2000; Sukegawa et al., 2000; Reichenbach et al., 2008; Mao et al., 2010; Liu and Ngan, 2014) . Accordingly, vENCCs express the Hh receptor Patched and Hh signaling specifically regulates their proliferation, migration and differentiation (Fu et al., 2004; Reichenbach et al., 2008) . We could thus speculate that Hh plays several roles in Notch signaling and GI tract development through the regulation of ENS development. Altogether, our data reveal that vENCCs could act as a new mediator in the mesenchymal-epithelial interactions that control stomach development.
MATERIALS AND METHODS

Retroviral misexpression system and in ovo microsurgery
Fertilized white Leghorn chicken eggs (Haas Farm, France) were incubated at 38°C in a humidified incubator (Coudelou, France) until use. Embryos were staged by according to Hamburger and Hamilton (HH) (Hamburger and Hamilton, 1951) . Gastrointestinal (GI) tissues were dissected and staged by embryonic day (E) (Southwell, 2006) . The RCAS vector to produce replication-competent retroviruses (RCAS) has been previously described (Moniot et al., 2004; Le Guen et al., 2009 ). The DF-1 chicken fibroblast cell line (ATCC-LGC) was transfected with RCAS-based constructs to produce retroviruses expressing GFP alone (Moniot et al., 2004) , NICD (Shih and Holland, 2006) or BMP4 (Smith et al., 2000) . Retroviruses were injected in the splanchnopleural mesoderm of HH10 chick embryos to target the stomach mesenchyme (Roberts et al., 1998; Moniot et al., 2004; Le Guen et al., 2009; Notarnicola et al., 2012) . Eggs were then placed at 38°C until harvested. Ablation of vENCCs was performed by microsurgically removing the neural tube and associated neural crest between somites 3 and 6 in HH9 to HH11 chick embryos, as previously described (Burns et al., 2000; Barlow et al., 2008) . In our experiments, the survival rate was 21% (n=120/590).
Gastrointestinal organ cultures
Chick E6.5 GI tracts were freshly dissected and used for organ cultures. Organs were cultured in Dulbecco's modified Eagle medium (DMEM) in presence of 0.2% BSA and 5 µg/ml insulin in uncoated dishes for 36 h. The optimal concentration of each compound was determined by evaluating the effects on Sox10 and Sm22 expression of different concentrations (supplementary material Fig. S6 ). Incubation with 0.04% BC solution (Sigma) was carried out at room temperature for 10 min. InSolution γ-Secretase Inhibitor IX (DAPT) [Calbiochem; 50 µM dissolved in DMSO; (Daudet et al., 2007) ] was added to the medium for 36 h and compared with controls.
In situ hybridization and immunofluorescence staining
For whole-mount in situ hybridization, dissected GI tissues were fixed in 4% paraformaldehyde at room temperature for 1 h, washed in PBS, gradually dehydrated in methanol and stored at −20°C before processing for wholemount in situ hybridization as described previously (Moniot et al., 2004; Le Guen et al., 2009 ). For sections, GI tissues were fixed in 4% paraformaldehyde at room temperature for 1 h, washed in PBS, gradually dehydrated in ethanol and embedded in paraffin. Sections (10 µm) were cut using a microtome and collected on poly-L-lysine-coated slides (Thermo Fisher). In situ hybridization experiments on paraffin sections were carried out as previously described (Faure et al., 2013) . Published chick probes were used: Barx1 (clone ChEST322m23, ARK Genomics, UK), Bmp4 (Roberts et al., 1995 ), Nkx2.3 (Smith et al., 2000 , Nkx2.5 (Smith et al., 2000) , Bapx1 (Nielsen et al., 2001) , Env (Le Guen et al., 2009) , Shh (Roberts et al., 1995) , Sm22 (Faure et al., 2013) , Lef1 (Theodosiou and Tabin, 2003) , Hairy2 (Jouve et al., 2000) . Hematoxylin and Eosin (H&E) staining was performed using standard procedures. Immunofluorescence studies were performed on paraffin sections using polyclonal antibodies against αSMA (Sigma) and SOX9 (Chemicon) and monoclonal antibodies against calponin (Sigma), HNK-1 (NeoMarker), TUJ1 (Covance), cleaved caspase 3 (5A1E, Cell Signaling) and phospho-histone H3-Ser10 (PH3) (Millipore). Nuclei were labeled with Hoechst (Invitrogen). Images were acquired using a Nikon-AZ100 stereomicroscope and a Carl-Zeiss AxioImager microscope.
Reverse transcription and quantitative polymerase chain reaction (RT-qPCR)
For vENCC-ablated, NICD misexpression and BC-treated stomach experiments, total RNAs were extracted from five pools of five combined stomachs with the HighPure RNA Isolation kit (Roche), and qPCR was performed using LightCycler technology (Roche Diagnostics). Each sample was analyzed in three independent experiments carried out in triplicate. Expression levels were determined with the LightCycler analysis software (version-3.5) relative to standard curves. Data were represented as the mean level of gene expression relative to the expression of the reference gene Gapdh as previously described (Notarnicola et al., 2012) . Data were analyzed using unpaired Student's t-test in GraphPad Prism 5 software and results were considered significant when *P<0.05, **P<0.01 or ***P<0.001. PCR primers (supplementary material Table S1) were designed using the LightCycler Probe Design software 2.0.
